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The problem of dissemination of plant diseases, whose propagules 
(such as fungal spores) cannot move by themselves, is more amenable 
to theoretical treatment than any other problem in phytopathology. This 
is especially true for air-borne pathogens. Once in the air, the way these 
propagules travel, the horizontal and vertical distance covered, and the 
time in transit all depend exclusively on external forces of a physical 
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nature. Thus, the problem assumes a physical rather than a biological 
character. 

A knowledge of these forces is a prerequisite for theoretical treatment 
of the agent's flight. Some concepts in this area of phytopathology are 
unclear. Often, only two forces or effects of forces are considered, 
i.e., velocity of wind (horizontal aerial movement) and velocity of fall 
that the agent would have in calm air. Thus, for instance, Christensen 
(1942) calculated that a spore of Ustilago zeae, when brought 1 mile 
upward at a wind velocity of 20 m.p.h., can travel a distance of 2500 
miles in about 9 days. Such calculations, however, have little practical 
and no theoretical value. Such an observation cannot explain how the 
spore got so high up. Since the wind acts horizontally and the velocity 
of fall vertically, no possibility of upward movement is considered; yet 
spores and pollen are found even in the highest atmospheric strata. First, 
one has to find out which external forces are responsible for transporta
tion of the causative agents and how the individual force components 
affect the agent. Then a theory of agent flight can be established. 

In discussing the determining factors for transportation of the agents 
through air, one need not consider molecular forces and electrostatic 
effects. Although they could exert an effect on the movement of the 
causative agents, they are so much overshadowed by other influences as 
to be negligible. 

Gravitation affects each small particle in the air; together with 
buoyancy and internal friction of the air it acts constantly to give each 
particle its own falling velocity (in calm air). The horizontal movement 
of the air, called wind, is superimposed over this direction of movement. 
Finally, turbulence results in the vertical movement of air and contained 
particles. The resultant of all these forces then determines what path
way the particles follow from take-off to landing. These forces and their 
effects will be examined individually and briefly. 

According to Newton's law of gravitation, an attracting force k acts 
between two bodies with masses mx and m 2 that are at a distance r from 
one another: 

I. TRANSPORTATION F O R C E S 

A. Gravitation 

[dyn] (1) 

whereby G is the universal gravitation constant, which is independent 
of the state of both bodies. The terrestrial force of gravity is the resulting 
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(6) 

attraction between the mass of the earth and bodies found on or near it. 
This gravitation imparts to each body a downward accelerated move
ment during free fall. In the atmosphere the effect of gravitation is partly 
compensated by buoyancy and by the opposing force of internal friction 
of the air. The net effect of these forces, as mentioned, is the velocity of 
fall inherent in each particle. 

B. Velocity of Fall 

A sphere-shaped particle with radius r that moves in the (calm) air 
with velocity ν experiences, according to Stokes' law, a resistance of 
the size 

k = 6πηντ [dyn]. (2) 

The reference is valid in this form only under the condition that the 
radius of the particle is larger than the free path of the corresponding 
gas with viscosity η. Since the average free path in the air only measures 
0.1 μ and the diameter of spores generally is about 10μ, this condition 
can be considered as adequately fulfilled. Thus, as the particle is accel
erated by gravitation (diminished by the insignificant amount of air 
buoyancy), there is an increase in frictional resistance. Thus, an equi
librium is established between the weight fc' of the particle and the 
frictional resistance k so that the particle falls with constant velocity. 
Since the weight of the sphere-shaped particle is given by 

k' =  ^rhg  (3) 

where s represents the density of the particle and g terrestrial accelera
tion, fall velocity of sphere-shaped particles can be calculated from the 
equilibrium condition (buoyancy neglected) 

4 
^ irr*sg =  6πηντ. (4) 

It is 

vk =  ^ r \ (5) 

In phytopathology we are mostly concerned with agents that are not 
spherical, but ellipsoid, as is the case (at least approximately) in fungal 
spores. Falck (1927) , who concerned himself very thoroughly with 
velocity of falling fungal spores in calm air, attempted to correlate 
experimentally the velocity of falling ellipsoid particles with the velocity 
of spherical particles of the same volume and found the relation 
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Thus, the velocity of falling ellipsoid fungal spores in calm air depends 
essentially only on the size relationship of axes a and b of the ellipsoid 
(s,g, and η can be considered constant in this observation) and estab
lishes a physiological value determined by form. 

The velocities of fall determined according to equation (10) by 
Schrodter (1954) for various groups of spores lie between less than 
1 mm./sec. and a few cm./sec. This is in accord with reports by Ingold 
(1953) , according to whom the very small spores of Lycoperdon pyri-
forme have the small fall velocity of 0.05 cm./sec, whereas the large 
conidia of Helminthosporium sativum fall 2.8 cm./sec. 

The falling velocity (in calm air) of different propagules is an im
portant characteristic in their dispersal. This fact is not always properly 
recognized. Although Gregory (1952) admits that the velocity of fall of 
spores has some influence on the total distance of dissemination, he 
neglects this influence as long as the spores can be found in the turbulent 
air movement. He thus overlooks the fact that the gravitational fall is 
always going on. Even in turbulent air when the net movement of the 
particle is upward, gravitational fall continues. Among other things, 
Fortak (1957b) while discussing the problem of the extraterritorial 
sphere of influence of dust transportation from land to open sea, shows 
how greatly the fall velocity of the air-borne particle affects its dispersal. 
His results show a numerically strong dependence on the sedimentation 
parameter. Our discussion of the flight of the propagule will clarify even 
more the great significance of fall velocity in dissemination. 

(10) 

Inserted into equation ( 7 ) , the equation for velocity of falling ellipsoid 
particles is 

(9) 

(8) 

is derived. When the volume of the spherical and ellipsoid particles 
are equal, 

(7) 

whereby ve represents velocity of falling ellipsoid particles, vs velocity 
of falling spherical particles of equal volume, and a and b the axes of 
the ellipsis. From equation (5 ) 
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C. Horizontal Air Movement 

Horizontal air movement is one of the most important factors in the 
dispersal of plant pathogens and of plants and seeds as well (Wildeman, 
1947). The wind, a term mostly used for horizontal air movement, is 
considered most important in epidemiology. 

Wind is moving air. The cause of this movement lies ultimately in 
temperature contrasts as they occur everywhere on the globe of the 
earth. Aside from gravitational fall, spores and other suspended particles 
move with the air. There is not just a horizontal air movement in the 
atmosphere. The paths of individual air particles as well as of the sus
pended matter are actually extremely entangled and "disorganized." The 
horizontal component of the air movement determines the direction and 
the velocity of movement of spores in air. The direction of spore dis
semination and the velocity, which in turn affects the distance that the 
propagules travel, give the pathologist information as to where new 
disease outbreaks are likely to occur. This is why horizontal air move
ment assumes importance in general epidemiologic observations and 
examinations. From numerous works that have been concerned with this 
part of the problem only those by Newhall (1938) , Oort (1940) , Bonde 
and Schultz (1943) , and Waggoner (1952) are mentioned as examples. 
The direction of the horizontal spread of agents is not only dependent on 
the general, i.e., average or moderately large wind direction, but also in 
great measure on the local regional relationships that affect the air cur
rent (Bochow, 1955). A convincing example for this is given by studies 
of Zogg (1949) about epidemiology of Puccinia sorghi, conducted on the 
occasion of a maize rust epidemic in a river valley 100 km. long. 

Under the influence of gravitation and wind alone (as horizontal air 
movement) a spore can never fly higher than its point of departure lies 
(with the exception of a forced upward movement of air while running 
over an obstacle). Within this framework very narrow limits are put on 
the dispersal of propagules. Observations prove, however, that spores 
rise high in the atmosphere and that dissemination over great distances 
is possible. Considerable height differences can be overcome by spores 
and a decisively significant vertical force seems to be present. This force 
lies in a property that characterizes all movements in the atmosphere, 
namely, in atmospheric turbulence. 

D. Atmospheric Turbulence 

If we study the flowing fluids with different density δ and diverse 
viscosity η in tubes of various diameters d, it can be seen that the stream 
is "laminar" in small velocities and "turbulent" in high ones. It can be 
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further seen that the transition from laminar to turbulent state does not 
occur in a gradual increase of velocity, but suddenly, i.e., in transgress
ing a limiting value of velocity. This limiting velocity ν is not constant, 
however. Rather, the transition from laminar to turbulent flow occurs 
when a critical value of the so-called "Reynolds number" is exceeded. 
The Reynolds number R is given in 

R =  -Xvd.  (11) 

In atmospheric currents the value of the length d is always so large 
that even when velocity υ is low, the value of the Reynolds number is 
high. Thus, the laminar type of current practically does not occur in the 
atmosphere, certainly not in the layers that are significant for the dis
seminations of propagules. This fact is very important for all epidemio
logic observations, since it dooms to failure every attempt to connect 
dissemination of pathogens with wind unless turbulence is considered. 

The "dynamic turbulence" is closely connected with the so-called 
"shearing" between air strata of various horizontal velocities. These are 
always present in the atmosphere. We have only to imagine that the 
wind velocity near the earth's surface is smaller than at a higher altitude. 
Because of turbulence in air, air particles and suspended matter travel 
from one stratum into the other and an exchange takes place in a vertical 
direction (the horizontal turbulence exchange should not be considered 
here). This vertical transportation of air quanta as a result of dynamic 
turbulence disappears when the wind does not change with altitude 
because the above mentioned shearing then also disappears. However, 
this does not mean that the exchange in a vertical direction then dis
appears altogether. Only such turbulence is equal to zero as derives its 
energy from the current. 

Another very important vertical change occurs, namely, the one that 
is correlated with the thermic increase of the atmosphere as well as with 
its thermic stratification and the heat supply of the earth. It is a known 
fact that warm air is lighter than cold air. An air quantum that is warmer 
than its surroundings has buoyancy (according to the principle of 
Archimedes) and moves vertically upward while another comparatively 
colder air quantum takes its place. Above all, the thermic differences 
of the ground are very significant for "thermic turbulence." Individual 
occurrences of a vertical exchange of greater or smaller turbulence 
bodies can barely be observed through dynamic turbulence. Only its 
total effect becomes visibly manifest and the occurrences of a thermic 
turbulence exchange can be observed in numerous individual manifesta
tions. In addition to vibration of the air over an overheated surface the 
most marked manifestation is the appearance of large swelling clouds 
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that can be especially seen during the height of summer, and into which 
great quantities of air ascend from the overheated earth surface. Natu
rally, the same amount of air descends again between the clouds. 
Significantly, the thermically caused upward movement of spore-laden 
air occurs quickly and over a relatively small land surface, while it 
subsides slowly and over great areas. Thus, Firbas and Rempe (1936) 
did not find the expected distribution according to size and fall velocity 
in pollens caught at a height of 2000 meters during an airplane flight. 
The strong and rapid anabatic wind stream seems to carry along the 
total mass of pollen bodies; there is no possibility that the differential 
size and fall velocity can have any effect on distribution. Night flights 
thus brought forth the originally expected results. 

As far as epidemiology is concerned it is unimportant whether these 
occurrences in the atmosphere are "thermic" or "dynamic" turbulence. 
Their effect is the same, i.e., there is a possibility of a vertical agent 
transfer through vertical exchange of air quanta. Through the exchange 
calculations of Schmidt (1925) all these turbulence reactions were 
organized into one uniform scheme. The surpassing significance of the 
vertical mass exchange for epidemiology of plant diseases, shown by 
Schrodter (1954) , requires that a short abstract of the theory of vertical 
mass exchange be given before the theory of the flight of the pathogen. 
In this way the problem of agent dispersal can be fully understood. 

During the exchange process all those properties of air masses are 
exchanged that had remained preserved during vertical movement, i.e., 
the ascending or descending air quanta retain their respective property 
until they are mixed with the surrounding air—and in this mixture they 
give up their respective surplus property to the surrounding air or they 
cover the deficit with the surplus from the surrounding air. Thus, the 
organic or inorganic particle content of the air belongs to the inter
changeable properties. The number of particles of an air quantum 
remains practically unchanged during sufficiently rapid vertical move
ment as long as there occurs no mixture with other air masses. 

Imagine a horizontal surface at some place in the atmosphere that, 
because of turbulence, is constantly carried upward or downward by air 
quanta. Thus it is unimportant whether the surface is quiet or whether 
it moves with the average current of the atmosphere. After a sufficiently 
long period of time, because of the continuity condition, the sum of the 
air quanta ascending through a given area per unit time should equal 
the sum of the air quanta descending through this area per unit time. 
The total "mass flow" Μ of the exchange is thus given by 

\ Μ = X mM = X m0 

(12) 
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when we designate the quanta ascending through the imaginary plane 
surface with the subscript u and the descending quanta with the sub
script o. If we then consider the number of spores contained in an air 
quantum as an interchangeable property, each ascending quantum mu 

contains the spore quantity musu and each descending quantum m0 the 
quantity m0s0. The total transfer that occurs through the surface unit in 
the time unit is thus given by 

S =  (X m usu —  X rn 0So) (13) 

whereby / represents the plane surface and t the time. 
It seems at first glance that S = 0 because of equation ( 1 2 ) . This, 

however, is not so. According to equation (12) Μ only represents the 
flow of mass, and nothing is said about the property that is transferred 
with the mass. As we know, the spore content of air depends on height. 
Near the surface, where spores develop and are ejected, the number is 
naturally larger than in the higher strata of the atmosphere. This fact 
is expressed in a certain vertical distribution of the spore content of air. 
If we imagine that the spore content contains s-1 units above the surface 
and s + 1 units below the surface (in other words it changes by 2 units 
with height) and if we shift one quantum from below to above and as a 
replacement one quantum from above to below, we gain above (s + 1) 
- ( s — 1) = + 2 units and lose below ( s — l)-(s + 1) = —2 units. Al
though the condition of equation (12) is fulfilled, actually a flow of 
property s took place, i.e., s is not equal to zero. S equals zero only when 
it does not depend on altitude. The change of property s with altitude, 
i.e., its vertical distribution, is the decisive factor. 

If we count altitude z, within which no mixture occurs, from the 
imaginary surface / on, whereby above f, ζ > 0, we can describe the 
distribution of s near the surface f through development in a series. Using 
only the first member of this series, we have 

whereby s is the sum of s f , the value of s in the surface / plus the first 
and second derivatives of s with respect to ζ taken in surface f. For a 
first approximation we may ignore the second derivative and we may 
write for values su and s 0 in equation (13) 

_L Θ 8 Su = Sf +  —  X  Zu 

So = Sf + — X za. ( 1 5 ) 
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If, with equation (12) in view, we substitute the values of equation (15) 
into equation (13) we have 

S =  j t (X m uzu -  X m^)  |^ (16) 

for the spore flow through the imaginary surface. The parenthetic ex
pression is always negative since we consider zu as negative and z0 as 
positive. According to calculation, however, this parenthetic expression 
represents the sum of all air quanta m that pass through the imaginary 
surface, either upward or downward, each multiplied by the distance 
ζ traveled without the mixture ("mixing length" in the sense of Prandtl) 
at which it was from the surface. It is thus 

A = Imz Lf f iL_l ( 1 9 ) 

ft L c m- s e c - J 
With equation (18) the flow of the interchangeable material, in this 

instance the spore content of air, is represented as the product of two 
factors, of which one (ds/dz) depends only on the vertical distribution 
of the interchangeable property, the other (A) only on the movement 
processes, i.e., on the mass exchange. Hence the designation "exchange 
coefficient," which measures the turbulent movement processes in the 
atmosphere. Its special value for our observations lies primarily in the 
fact that according to equation (19) the exchange coefficient A is in
dependent of the exchanged property. Numerically, the exchange co
efficient in the atmosphere is subject to considerable changes. Its smallest 
value is near the soil, because naturally the soil, as a firm boundary 
surface, impedes any vertical movement. The exchange coefficient thus 
depends on altitude. In orders of magnitude A has the value of 1 gm. 
cm. - 1 sec. - 1 from 1 to 10 meters altitude, the value of 10 at 10 to 100 
meters altitude, and of 50 at 100 to 500 meters altitude. In single in
stances A can take on values of 200 or more. 

In epidemiology the exchange coefficient characterizes the total 
turbulent processes in the atmosphere which are responsible for the 
transfer and dispersal of propagules. To determine whether an effect of 

(17) 

(18) 

whereby we obtain A, the exchange coefficient: 

or 

S - -AX J 
dz 

„ Ζ mz  ds 
ft dz 
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dynamic or thermic turbulence is involved in vertical transfer is no 
longer necessary. What deciding role turbulent mass exchange plays in 
the spread of the pathogen must yet be demonstrated. 

I I . T H E F L I G H T 

The forces having an effect on the particles in the air have been 
discussed. The theory of agent flight should show how the transfer in 
the air as well as the dispersal of propagules occurs. The term "dispersal" 
is defined here to mean the overcoming of distance in space from the 
time of the last departure to the first landing. The problem is considered 
only at the x-z plane of a rectangular coordinate system, in which the 
x-axis lies in the average wind direction and the z-axis vertically, i.e., 
only two-dimensionally. Such a precise definition of the term "dispersal" 
is to be understood geometrically and not biologically. The concept of 
dispersal as used elsewhere in the literature has several meanings, 
depending on whether the flight plane, the spore concentration in a 
unit volume of air, or the infection possibility is considered. This am
biguity not only leads to lack of clarity, but can also result in false 
notions and conclusions. Thus, in his observations, Gregory (1952) 
follows not the path of the spore cloud, but the changes of concentration 
per air volume along this path as a consequence of turbulence. These, 
however, are two completely different problems. Contrary to all expec
tations he concludes that the spores cannot be carried far from the source 
of infection but that under normal turbulent conditions 99.9% of the 
spores are deposited within the first 100 meters from the source. He 
concludes this from theoretical assumptions based on the equation by 
Sutton (1947) about turbulent diffusion and on experimental observa
tions, from the viewpoint of the change in concentration of spores 
and its effect on the possibility of infection. This has nothing to do with 
the distance that the mass of spores can travel. 

Epidemiologically, both problems are equally important: the absolute 
distance as well as the maximum distance in which a significant con
centration of spores is still present. The concept "dispersal," however, is 
used in this part of the study exclusively for the first of both these 
questions and is thus completely unequivocal. 

Schmidt (1925) was already concerned with the theoretical aspect of 
the spread of plant seeds through turbulent air currents. More recently 
Rombakis (1947) tackled this problem again and proved that the results 
obtained by Schmidt (1925) could be improved in various ways. The 
elegant solution of the problem developed by Rombakis (1947) was used 
by Schrodter (1954) for the problem of spread of disease-producing 
agents. The theory of spore flight, described below, is based on the 
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studies of Rombakis (1947) . The somewhat extensive derivation of the 
formulas leads to an understanding of the problems of line of flight, 
range of flight, and duration of flight, which can then be applied to 
problems of epidemiology. 

A. Line of Flight 

The studies by Schmidt (1925) define as "average dispersal" of 
particles that limit in which 99% of all disseminated seeds have again 
reached the earth surface. Had the percentage been set at 80%, based on 
purely biological considerations, the dispersal would be but 13% of the 
values calculated by Schmidt (1925) . Although he did not consider the 
effect of gravitation in the basic differential equation, he added it later 
to the solution. The theory given by Rombakis (1947) , on the other hand, 
is based on considerations to be applied here to fungal spores. 

The local change of spore thickness s with the time t has to be equal 
to the convergence of spore flow w, i.e., it has to be 

F - T R < * > 

The spore flow w is made up of the current 

w ^ - j X - ( 2 1 ) 

that is caused by exchange, corresponding to equation (18) in which δ 
is air density, and of the current 

iv2 = - c s (22) 

caused by fall movement under the influence of gravitation, whereby c 
means the fall velocity of spores in calm air. The total spore current is 
thus given by 

w = wi + w2 = — 4 Χ 1 Γ — cs- (23) ο oz 

Substituting this expression into equation (20) gives the complete dif
ferential equation for dispersal of spores 

which, contrary to Schmidt (1925) , includes the fall effect due to gravita
tion. On condition that at time t — 0 and at place χ = 0, ζ = 0 a number 
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Ν of spores is dispersed in the open space ζ > 0, the number n' of 
spores, found above ζ at time t, is given by 

(25) 

where a  = Α/δ. 
The following definition of "probable flight line" leads to an un

equivocal solution that is independent of any arbitrary limitation: A 
point Ρ at the altitude ζ at time t should be considered a point of prob
able flight line when it is also probable that a spore is found above as 
well as below this point. This means that the line is determined, above 
as well as below which 50% of all spores are found and dispersed. This 
percentage, contrary to that chosen by Schmidt, is not an arbitrary 
number but the condition for the equation of two probabilities. The 
probable line of flight is thus defined by 

n' 1 
Ν 2 

and from equation (25) it follows that 

1 2 

(26) 

2 V'Anrat 
XeXP("S)/"eXP(~^-fa><2)dz- <™ 

The value of an integral corresponding to that in equation (27) can be 
written in general form as 

exp ( - e ~ 2 0 0 di = \ VTT (exp 0 2)[1 - Φ(α + β)]. (28) 

In equation (28) the expressions a and β correspond to 

a = z/\/ 4:dt 

and to 

β = VcH/4a 
in equation ( 2 7 ) . Thus equation (27) can be rewritten to give 

or 

(29) 

(30) 
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ζ = 0.4769 V 4:Ax c 
Ύϋ~ϋ Χ x. (34) 

This is the equation of the probable flight line. 
The question about the shape of the flight line of spores can be 

answered when equation (34) is squared and transposed to the form 

jj-2Xx* + 2jjXZ + z* 
Λ A 

(0.4769) 2 X | g z = 0. 

An equation of the second degree of general form 

anx2 + a22z2 + 2a12xz + 2anx + 2a 2 3z + 

describes a parabola of which the determinant is 

= 0 

D = 
antti2 

= 0. 

Since, in the case of equations (35) and ( 3 6 ) , alt = (c/U)2, a12 

and «22 = 1, we may write the determinant 

D = 
c 

77 

= ο 

(35) 

(36) 

(37) 

c/U 

(38) 

which fulfills the condition given in equation ( 3 7 ) . The line of flight is 
thus a parabola. Since the inclination of the axis of a parabola is given by 

2 tan a 2a12 tan (2a) = _ 
1 — tan 2 α απ — a22 

the inclination of axis for the line of flight parabola is 

(39) 

tan α = — 77· (40) 

This transcendental equation has the root 

from which it follows that 

ζ = 0.4769 V4at - ct. (32) 

In a coordinate system, a wind of average velocity U travels the distance 
χ in time t, or 

χ = Ut (33) 

and we can write equation (32) as 
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The line of flight of spores is a parabola. The inclination of its axis is 
the vector determined by the velocity of fall of spores in quiet air and 
the average wind velocity (compare with Fig. 1 ) . 

As mentioned previously, the course of a single particle is unusually 
complicated and practically not reproducible because of the "disorgan
ized" movement due to turbulence. The probable flight line does not 
describe the course of an individual particle, which is per se epidemio-
logically uninteresting. Rather, the probable flight line is a curve repre-

FIG. 1. Form of flight line with varying velocity of fall ( c ) , equal mass exchange 
and equal wind velocity (z-axis increased 1000 times). 

senting the average path of ejected spores, 50% of which occur below and 
50% above this line as the mass of spores expands under the influence 
of wind, turbulent mass exchange, and fall caused by gravitation. We 
can best characterize this probable flight line by describing it as the 
course of the center of gravity of the transferred spore cloud. Figure 1 
shows how great the significance of fall velocity is in this problem. Lines 
of flight are compared, using varying values of c with corresponding 
values of A and U. Velocity of fall must be considered in relation to the 
turbulent mass exchange when discussing the problem of dispersal. 
Thus, if fall is neglected, no solution of the problem can be reached. 

B. Range of Flight 

Especially interesting from an epidemiological point of view is the 
question of how far the spores of pathogens can fly. This can be an
swered from theory when an unequivocal definition is also given for the 
range of flight while developing the theory given above. Rombakis 
(1947) deduces this definition from the one of probable flight line. The 
"probable flight range X" is, accordingly, from the distance of the source 
of spores to where the probable line of flight again cuts the earth surface. 
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Between the spore source (χ — 0, ζ = 0 ) and this cutting point (χ = X, 
z = 0) only 50% and not 99% of the spores (as per Schmidt's definition) 
get to the ground. According to the definition of flight line it is also 
probable that a spore flies to the point x = X o r travels an even greater 
distance. If, however, we consider a point χ = X + m, we know that 
more than half of the spores are disseminated up to this point. When we 
consider a point χ — X — m, we know that more than half of the spores 
disperse above this point. 

When, according to this definition in equation ( 3 4 ) , we say ζ = 0 
and χ = X, the determining equation for the probable range of flight is 

0 = 0.4769 yJ^X-jjX (41) 

or, in terms of X, 

χ = (0.4769) 2 (42) 

which simplifies to the equation of probable range of flight 

X = 0.91 4 ? · ( 4 3 ) ocr 

The probable range of flight is, therefore, directly proportional to the 
vertical mass exchange caused by turbulence and to horizontal wind 
velocity, and inversely proportional to the square of velocity of fall in 
calm air. 

The significance of this formula, especially the deciding role that fall 
velocity plays is clearest in some examples given in Table I, when the 
ranges of flight are compared one with another in these four examples. 

TABLE I 

FLIGHT RANGE ( X ) , WITH DIFFERENT VALUES OF MASS EXCHANGE ( A ) , 
WIND VELOCITY ( U ) , AND VELOCITY OF F A L L ( C ) 

A 
gm./cm. sec. 

U 
m./sec. 

c 
cm./sec. 

X 
km. 

1 . 1 0 4 2 7 . 6 
2 . 2 0 4 2 1 5 . 2 
3 . 2 0 8 2 3 0 . 3 
4 . 2 0 8 1 1 2 1 . 3 

As seen in examples 1 and 2 of that table, the range of flight is 
doubled when the mass exchange is doubled. The same holds true for 
doubling the horizontal wind velocity (examples 2 and 3 of the table). 
If, on the other hand, the velocity of fall is cut in half (examples 3 and 
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4 ) , the range of flight becomes fourfold, since the fall velocity is squared 
in the formula. Thus, contrary to Gregory (1952) and Ingold (1953) the 
velocity of fall is an extremely important factor in determining the range 
of flight and cannot be neglected in the problem of dissemination. This 
can be also seen clearly in Fig. 1. If the curve given in Fig. 1 is plotted 
on coordinates where the ratio of the scales of ordinate: abscissa ratio is 
1 : 1 (rather than 1 : 1 0 0 0 ) , we obtain a flat, slowly ascending curve that 

ζ 
2 4 

0 1 2 3 4 
FIG. 2 . Form of flight line in a mass exchange of 1 0 gm./cm. sec, a horizontal 

wind velocity of 1 m./sec. and a fall velocity of 1 cm./sec. (with an equalized stand
ard distribution of co-ordinate axes). 

appears almost straight even at a small distance from the origin (Fig. 2 ) . 
Even in small turbulence the effect of fall is almost imperceptible. This 
may be the reason for underestimating its significance. However, Rempe 
(1937) showed the effect of gravitation on the distribution of pollen 
sizes at various altitudes. 

The range of flight can be great even under normal wind and turbu
lence, as is shown in Table I. How great these can be was calculated by 
Schrodter (1954) for various spore sizes (Table I I ) . Although large 
spores can fly as far as a few kilometers, they still fall on the ground 
within visible distances. The very small spores, on the other hand, should 
be described as "suspension particles" within the air plankton. 

TABLE I I 

PROBABLE FLIGHT RANGE OF SPORES OF DIFFERENT SIZES WITH A WIND 
VELOCITY OF 2 m./sec. AND A MASS EXCHANGE OF 1 0 gm./cm. sec. 

Spore size Velocity of fall Flight range 
(length/width) μ (cm./sec.) (km.) 

Small spores ( 5 : 3 ) 0 . 0 3 5 1 2 , 4 0 0 
Medium spores ( 1 4 : 6 ) 0 . 1 3 8 8 0 0 
Large spores ( 2 0 : 1 6 ) 0 . 9 7 5 1 6 
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TABLE I I I 

PROBABLE FLIGHT RANGE ( X ) OF SPORES OF Phytophthora infestans UNDER 
VARIOUS WIND AND TURBULENCE CONDITIONS 

A U X 
gm./cm. sec. m./sec. km. 

0.1 2 0.09 
1 4 1.8 

10 6 27 
20 8 72 
50 10 225 

It is difficult to carry out direct observations on how far spores of 
Phytophthora infestans fly. Generally, therefore, the distance was judged 
from observed infections in the respective studies. Such data should be 
considered as underestimates of the distance spores can fly, because such 
observations tell only how far they can fly in concentrations sufficient to 
produce an infection while retaining their germinative capacity. Such 
observations also assume that environmental conditions favor the devel
opment of the organism at the spot where the spores reach the ground. 
While these matters are of epidemiological interest, they have nothing 
to do with the actual flight range. But comparison of the observations 
with theory is possible only under these conditions. 

That spores of Phytophthora infestans can be carried very far by the 
wind because of their light weight was stressed by Fischer and Gaumann 
(1929) . Hanni (1949) also concludes that they can be carried over vast 
distances, but assumes this to occur only after the passage of consider
able time, and direct dissemination by the wind to occur only over 
relatively short distances. While Bonde and Schultz (1943) established 
flights of 200 meters, Hanni (1949) observed flights of 1 km. In spores 

In numerous epidemiological studies attempts have been made 
repeatedly to solve the problem of how far spores of pathogens can fly. 
The question often assumes great importance, especially in studies on 
the epidemiology of Phytophthora infestans. Without question, spore 
flight has an important significance in the difficult problem of forecasting 
epidemics (Raeuber, 1957). Schrodter (1954) has applied the theory on 
the dissemination of Phytophthora infestans to the epidemiology of 
potato blight and has compared predictions based on the previously 
given theory with practical observations. 

According to Schrodter's (1954) calculations, Phytophthora spores 
have a falling velocity of 1.3 cm./sec. Thus the flight range given in 
Table III for various wind and turbulence conditions is given on the 
basis of equation ( 4 3 ) . 
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caught at various points over a large area Raeuber (1957) could establish 
that the rhythm of the daily number caught remains the same over 
several kilometers, from which fact a slight mobility and a corresponding 
broad dispersal can be concluded. Thomas (according to van der Zaag, 
1956) could catch spores at 4.8 km., while Hyre (cited by van der Zaag, 
1956) caught them even at a 14 km. distance from the spore source. 
Van der Zaag (1956) concludes from observations on an island several 
kilometers from land that spores can fly at least as far as 11 km. without 
losing their capacity to germinate. From his observations Godfrey (cited 
by van der Zaag, 1956) reports distances of 24 km., while Harrison (cited 
by van der Zaag, 1956) suggests even those of 48 to 64 km. (Table IV) . 

TABLE I V 

OBSERVED FLIGHT RANGES FROM THE LITERATURE OF SPORES OF 
Phytophthora infestans 

Observations of Flight range 
author (Reference) (km.) 

Bonde and Schultz 0 . 2 
Hanni 1 
Raeuber > 2 
Thomas 4 . 8 
van der Zaag > π 
Hyre 1 4 
Godfrey 2 4 
Harrison 4 8 - 6 4 
Fischer and Gaumann very far 

If values given in Table IV are compared with data in Table III, we 
note, notwithstanding the restriction mentioned above, that the observed 
flight ranges are consistent with those calculated on the basis of theory. 
Although data in Table IV vary from 200 meters to more than 60 km., it 
would be useless to dispute over what is the true flight range. Such 
differences can be caused by differences in the degree of turbulence of 
the atmosphere and by differences in horizontal wind velocity. At any 
rate, comparison of Tables III and IV shows that theory and observation 
agree. 

C. Height of Flight 

During their flight through the air, propagules have frequently been 
found at high altitudes, even in the highest strata of the atmosphere. 
Thus we may ask what is the ceiling of the flight line parabola. The 
"maximum probable flight altitude" can be derived from the data given 
so far: by analogy with the previous definitions it is the maximum height 
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that the center of gravity of the spore cloud can achieve. Thus, although 
one spore can fly above this altitude, less than 50% of spores are dispersed 
above this point of the maximum probable flight line. 

According to this definition (Rombakis, 1947) the condition dz/dt = 0 
is valid for the highest point of probable flight line. If we use this con
dition in equation ( 3 2 ) , we get 

% = 0.4769 χ/ϊά X — ^ - c = 0. (44) 

Solving this equation for t, we get 

t = ^ 6 2 1 ! X % • (45) 

If we now substitute the value of t, [equation (45 ) ] in equation (32) 
under the condition dz/dt = 0, we obtain the highest point of the flight 
line: 

W = 0.4769 X4aX™g»X*-cX < ° ^ * χ * = (0.4769)' X ? 
2 c 4 c2 c 

(46) 
and with it, because a = Α/δ, the equation of maximum probable flight 
altitude 

z m a x = 0.2274 X ~ (47) 
oc 

The maximum probable flight altitude is accordingly directly proportional 
to the size of turbulent mass exchange and inversely proportional to 
velocity of fall. It is independent of horizontal wind velocity. 

Here for the first time is a definition of the size of dispersal, com
pletely independent of wind as a horizontal air movement. Naturally, 
the independence is not so remarkable per se because the horizontal 
wind velocity, as we have seen with analysis of the effective transporta
tion forces, contributes no component to a vertical movement. Thus we 
derive from the equation that there is an epidemiologically specially 
significant dimension in the question of wind dispersal which is in
dependent of the wind as such but entirely dependent on turbulence. 

Since the velocity of fall is not squared in equation (47) as it is in 
equation ( 4 3 ) , its effect on the altitude of flight, considered numerically, 
is smaller than on the range of flight. However, considering as a ratio 
the extent of the atmosphere horizontally in relation to its vertical 
thickness we can visualize the atmosphere. From this point of view, the 
effect of velocity of fall must be at least as great on flight altitude as on 
flight range. 
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The flight altitudes that can be attained by spores in various mass 
exchanges and at different velocities of fall are given in Table V, and 
likewise, the maximum probable flight altitude for spores of Phytophthora 
infestans calculated from equation ( 4 7 ) . Apparently spores, especially 
small ones, can attain considerable altitudes. 

The accuracy of the theory can be tested by the results of catching 
spores during an airplane ascent. As Table V shows, we would expect 
spores to be distributed in altitude according to their size or velocity of 
fall. The pollen studies already mentioned by Rempe (1937) partly show 
the actually expected result, and indeed, show it with a single kind of 
pollen. Thus, for instance, during one night Betula pollen, caught at 

TABLE V 

VARIATION IN MAXIMUM PROBABLE FLIGHT ALTITUDE OF SPORES OF DIFFERING 
SIZE WITH VERTICAL MASS EXCHANGE 

Maximum flight 
Spore size altitude in m. with 

(length/width) Fall velocity a mass exchange A 
(μ) (cm./sec.) 1 0 2 0 5 0 1 0 0 

(gm./cm. sec.) 

Small spores ( 5 : 3 ) 0 . 0 3 5 5 4 1 1 0 8 2 2 7 0 5 5 4 1 0 
Medium spores ( 1 4 : 6 ) 0 . 1 3 8 1 3 7 2 7 4 6 8 5 1 3 7 0 
Large spores ( 2 2 : 1 6 ) 0 . 9 7 5 1 9 3 8 9 5 1 9 0 

Spores of Phytophthora infestans 1 . 3 1 5 2 9 7 3 1 4 5 

around 1000 meters altitude had an average diameter of 23μ, and that 
caught near the ground had an average diameter of 27/x. During the day, 
however, pollen of all kinds and sizes was uniformly distributed at all 
altitudes. At a height of 2000 meters Firbas and Rempe (1936) did not 
find the expected distribution of pollens according to size and fall 
velocity. As far as Phytophthora is concerned, Hanni (1949) describes 
observations suggesting that spores have risen to altitudes of several 
hundred meters. According to Table V, however, the maximum probable 
flight height under the turbulence occurring near the soil is likely to be 
less than 100 meters. Apparently there are discrepancies between theory 
and observation. Hannfs (1949) studies, however, clarify the apparent 
difficulty. These studies were carried out in mountain areas where the 
turbulence is characteristic but differs from that encountered in planes. 
Orographically conditioned vertical currents could develop, amounting 
to as much as 200 gm./cm. sec. or more in a small area and for a lim
ited period of time. Under these conditions an ascent of spores of 
Phytophthora infestans to several hundred meters in altitude is not a 
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problem. An explanation for the observations by Firbas and Rempe 
(1936) has been given in discussing turbulence as a transportation 
force. The strong vertical air movements, as they are known from the 
huge swollen clouds, allow the value A in formula (47) to increase 
markedly. Then the effect of velocity of fall on the size distribution of 
particles disappears for a limited time in a limited volume. Stakman et al. 
(1923) , in spore-trapping experiments in airplanes, found no spores. 
This indicates that these spores normally reach heights of less than 100 
meters, as Table V shows. The results by Raeuber (1957) , who caught 
spores at trapping stations at several locations near the ground as well 
as at an altitude of 22 meters, should also be used as confirmation of 
theoretical results. Not only is the rise and fall of the numbers caught 
daily at an altitude of 22 meters analogous to that occurring at ground 
stations, but also the total number of spores caught at this altitude was 
one-third of those caught at the normal ground stations directly below 
and one-tenth of the spore number caught at the true source of spores. 

Thus we can determine the probable flight altitude of the spores 
and see that theory and observation substantially agree with one another. 

The question of how long the time is from the take-off of spores to 
their landing again has seldom been asked. The flight time is difficult 
to observe and can scarcely be determined experimentally. To be sure, 
calculations have been made, such as those by Christensen (1942) , who 
estimated that a spore of Ustilago zeaey flying 1 mile above the ground, 
would come back to the ground only in 9 days. Such a calculation con
siders only the downward motion under the influence of gravitation and 
not the vertical movement resulting from the influence of turbulence. 
The question of duration of flight, then, can only be answered theoreti
cally and one should refer to the derivation by Rombakis (1947) . For 
the sake of completeness reference should be made to Schmidt's (1925) 
treatment of this problem. 

Here, too, the duration of flight is understood as a "probable flight 
duration" since it naturally follows from definitions for flight line, flight 
range, and flight altitude. If we designate the duration of flight with r , 
we can proceed from the simple condition that t — τ must be at the 
place of ζ = 0, χ = X, where the spore lands. Then, however, according 
to equation (32) 

D. Duration of Flight 

0.4769 Λ / 4 « Τ - cr = 0 (48) 
or after squaring, 

c V = (0.4769) 2 Χ 4ατ (49) 
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when 
An 

τ = (0.4769) 2 X ^ (50) 
c 

and substituting A/8 for a, we obtain, as equation of probable duration 
of flight, 

r = 0 . 9 1 X A . (51) 

We obtain the same result by dividing equation ( 4 3 ) , i.e., the equation 
of probable flight range, by the horizontal wind velocity U. 

The probable duration of flight is thus directly proportional to the 
vertical mass exchange and inversely proportional to the square of the 
velocity of fall. It is independent of the horizontal wind velocity. 

Again we have a significant quantity for dispersal that does not 
depend on the wind as such. The duration of stay in the air is deter
mined only by the vertical movement components, to which horizontal 
wind velocity does not contribute anything. From equations (47) and 
(51) we see that the maximum probable flight altitude is achieved in 
time t = % τ , and the curve of the flight line has a steep ascent and a 
flat descent. 

Table VI gives the values of the flight duration under various tur
bulence conditions for various spore sizes, to which the respective values 
for spores of Phytophthora infestans are added. 

TABLE V I 

PROBABLE FLIGHT DURATION OF SPORES OF VARIOUS SIZES UNDER VARYING 
VERTICAL MASS EXCHANGE 

Spore size Fall velocity 
Flight duration 

under mass exchange A 
(length/width) cm./sec. 10 20 50 100 

Small spores ( 5 : 3 ) 
Medium spores ( 1 4 : 6 ) 
Large spores ( 2 2 : 1 6 ) 

0.035 
0.138 
0.975 

72 days 
5 days 

2)1 hours 

144 days 1 year 
9 days 23 days 

4% hours 11 hours 

2 years 
46 hours 
22 hours 

Spores of Phytophthora infestans 1.3 1% hours 2% hours 6% hours 12% hours 

We can see, therefore, that the flight in the air can last for 1 hour or 
1 year, depending on size of spores and on turbulence. From Schrodter's 
(1954) calculations we see that the flight duration at small exchange 
values near the ground can be but a few minutes for large spores. On 
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the other hand, a tiny spore 4μ in length and 1μ in width has a velocity 
of fall of 0.006 cm./sec. and can remain in the air more than 33 years at 
an average mass exchange of 50 gm./cm. sec. From a practical point of 
view such spores should only be considered as suspension particles for 
which the probability of reaching ground is very small, unless another 
external circumstance provides a back transfer to the earth's surface. The 
duration of stay in air as computed from equations cannot be checked 
by observation. 

The duration of flight is significant from an epidemiological point of 
view in connection with the problem of viability of spores. Consider the 
spores of Phytophthora infestans as an example. According to a short 
summary by Raeuber (1957) the spores retain their viability in dry air 
for a very limited time. When, on the other hand, we conclude from the 
data in Tables III and VI that these spores can cover a distance of 
72 km. in only Zy2 hours at a mass exchange of 20 gm./cm. sec. and a 
wind velocity of 8 meters/sec, we understand it to be a broad dispersal 
not only of spores, but also of infection. Because such conditions are 
fulfilled mostly in windy and rainy weather (i.e., under high atmospheric 
humidity) one can hardly count on a loss of viability in so short a time. 
In connection with the viability of propagules the duration of flight is 
thus also an epidemiologically important problem, about which theory 
can give adequate information. 

Rombakis (1947) himself points to the fact that objections could be 
raised against the "exchange theory" when the particles to be transported 
leave their source individually, one after the other, and not as a group 
in large concentration at one time. Even under these two conditions 
identical results can be obtained by deductions from statistical physics. 

III. CONCENTRATION I N T H E Am 

The second important problem to be tackled deals with the variation 
in number of propagules per unit volume of air. We know from ex
perience that the number of spores contained in a cubic meter of air 
changes with altitude. We know from spore-trapping experiments that 
the spore concentration is largest on the ground and that it decreases 
with altitude. From the theory of vertical mass exchange we know 
further that it is this vertical change of the spore content which should 
be considered a property of the air that elicits the "flow of property" in 
a vertical direction. Such a mass exchange occurs not only vertically, 
but also horizontally. Thus we are dealing with occurrences that are 
very similar to the diffusion of gases. Diffusion is known to be a direct 
consequence of molecular movement, i.e., a compensation of density 
differences due to the random character of molecular movement. In a 
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turbulent mass exchange we also have analogous disorganized movement 
and can consider the occurrences as a kind of diffusion in which, instead 
of molecules, larger air quanta are involved. The effect of such a tur
bulent diffusion is readily observed, e.g., the spread of a trail of smoke 
from a factory chimney. Like the trail of smoke from the factory chimney, 
the spore cloud coming from an infection source is dispersed in a 
horizontal and vertical direction, and as the cloud increases in volume, 
the spore concentration must become less and less. 

A theoretical treatment of diffusion of small particles, emitted from a 
point source into a turbulent medium, was carried out by Ogura and 
Miyakoda (1954) . Edinger (1955) also concerned himself with the 
dispersal by turbulent diffusion of particles too large to participate in 
Brownian movement. Turbulent diffusion in the air stratum near the 
ground was treated in detail by Sutton (1953) . In the spread of plant 
pathogens the air stratum near the ground is the true place of observa
tion. Therefore, the following is based on Sutton's presentation. 

A. Turbulent Diffusion 

The theory of turbulent diffusion in relation to the present problem 
contains a series of mathematical difficulties. Contrary to the problem of 
spore flight, which is concerned only with vertical mass exchange, the 
present problem is concerned with vertical and with horizontal mass 
exchange as well. A complete derivation will be sacrificed in this chapter, 
and instead a description of what is necessary for understanding of the 
basic equation for concentration change will be given. One should refer 
to Sutton (1953) and the literature cited for further details. 

We limit ourselves to diffusion from a point source and use a co
ordinate system with the x-axis in the direction of the average wind, the 
t/-axis at a right angle to the average wind, and the z-axis vertical. Thus 
at ζ = 0 we have the earth's surface. The average wind is considered 
to be steady and dependent only on altitude, so that the conditions 
u = u (ζ), ν = w = 0 are valid for the average velocity components in 
the direction of the axes. In addition, we assume that only small tempera
ture gradients are present, that the ground neither absorbs nor emits the 
propagules being dispersed, and that during diffusion no propagules are 
deposited from the cloud. The particles are assumed to be so small as 
to have negligible falling motion. Although velocity of fall is significant 
for dispersal, we can, for the time being, assume that only short distances 
are under consideration and that the effect of fall is a needless complica
tion to understanding the basic principle. A theoretical exposo that takes 
sedimentation into consideration, as in agent flight, is given later in 
another context (see Section V ) . 
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The problem is the solution of the differential equation for diffusion, 
which is given in a general form by 

ds d ( ds\ . θ / ds\ . d ( ds\ 
It - TxV'Tx) +Yy V" VyJ + di \a' dz) (52) 

in which s is the concentration in the x,y,z directions at time t, and ax, dy 
and az represent the parameters of diffusion in the direction of the 
coordinate axes. This equation is related to equation (24) for the case 
c = 0, i.e., the equation (24) is a special case of equation ( 5 2 ) , when 
a = A/8 = const., and is the vertical component of this diffusion. If we 
consider a continuous point source, then neglecting the term 

d/dx(ax*ds/dx) 

we have 

ds d ( ds\ d ( ds\ 
U"Tx = Ty\a«Ty) + dz\a>6zr ( 5 3 ) 

The difficulties connected with the solution of this differential equation 
were overcome by Sutton (1953) with the help of Taylor's theorem. 

If σ is the standard deviation of distances, traveled at a time Τ by 
particles originally concentrated in the x-z plane, then we have 

a> = 2w'*fo
TfiR(t)di:dt (54) 

in which R (ξ) is the correlation coefficient between eddy velocities 
(w') at time t and t + £. According to Sutton (1953) R (ξ) is given by 
expressions of the form 

*•(*) = Cn î)" (55) 

in which η represents the coefficient of kinematic viscosity and η is a 
number for which Sutton (1953) gives the value η = The solution of 
the diffusion problem would be to find a function for the distribution of 
the concentration, that for a given R (ξ)—in addition to other condi
tions—also fulfills equation ( 5 4 ) . From equations (54) and (55) it fol
lows that 

"W/iXiAs)"**  (5e) 

In integrating we may neglect terms of the order of η since they are small 
compared to u'2T, thus obtaining 

σ2 = \ C\uT)2-" (57) 
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in which C 2 represents the general coefficient of diffusion given by 

(1 -  n )(2 -  n)u n\u2J K J 

For η = 1 equation (57) has the form 

σ 2 = 2Kt (59) 

which corresponds to Einstein's law for Brownian motion. 
For turbulent diffusion over an aerodynamically rough surface not 

only kinematic viscosity η must be taken into account but also macro-
viscosity, caused by rough ground and called Ν by Sutton (1953) . Since 
η is surpassed by Ν many times in size, η can be substituted by Ν in 
equation (58) so that the general diffusion coefficients acquire the form 

L y ~ (1 - n)(2 - n)u"\u 2) ' 

If Q is the strength of the source, i.e., the quantity of diffusing substance 
given up by the source in time unit, then according to Sutton (1953) 
the function sought for concentration within the continuous point 
source is 

^ = x e x p - k 2 (£•+<&)} ( 6 1 ) 

Since the significance and origin of dimensions Cy and Cz are suf
ficiently known, we can use this function, derived from the theory of 
turbulent diffusion, in the observations that follow about the concentra
tion change along the course of flight. 

B. Horizontal Concentration Change 

A spore cloud, arising from a sufficiently high point source, has 
the shape of a horizontal cone. The tip lies at the source of the spores, 
and the base points toward the downwind. A section through this cone, 
at a right angle to the average wind direction, has the shape of an 
ellipsis, since the turbulent dispersal of spores is smaller in vertical 
direction than in the horizontal one. Wilson and Baker (1946) demon
strated this experimentally by using small puffs of ammonium chloride. 
Brunt (1934) established the ratio of horizontal to vertical components 
of turbulence as 1.59:1 by means of a double wind vane. By catching 
spores, Wilson and Baker (1946) found a similar ratio 1.55:1. The dif
fusion coefficients Cy and Cz in equation (61) are given by Sutton 
(1953) as Cy = 0.4 and Cz — 0.2; thus, they also show the elliptical 
shape, but with different axes. But, under the conditions of equation 
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FIG. 3. Horizontal change of concentration (s) on the ground with increasing 
distance (x) from a continuous point source of spores, in the downwind direction. 

values of Q, u, and x, as long as they are consistent with one another, 
Fig. 3 shows the shape of a curve for the general case. 

We can see from Fig. 3 that as the distance increases, the concentra
tion rapidly decreases to small values. This explains Kerling's (1949) 
statement, for example, that even though the infection of peas by 
MycosphaereUa pinodes spreads in the direction of the prevailing wind, 
the strength of attack decreases with distance from the source of in
oculum. We also understand the results of studies by Bateman (1947) 
about pollen dispersal and by Parker-Rhodes (1951) , about Basidio
mycetes of Skokholm Island; Parker-Rhodes obtained deposits of pollen 
or of spores only over short distances. We now understand how Gregory 

(61) Sutton (1953) proved that these values for diffusion coefficients 
describe the concentration change with distance with sufficient accuracy. 
Therefore, for simplicity's sake, these values are used. 

The form of the spore cloud changes when the ground, as a limiting 
surface, prevents downward dispersal. In most cases the spore sources 
lie on the ground or close to it. Therefore we shall consider first the 
horizontal change in concentration at the ground. The spore source is 
located at the point χ = y — ζ = 0. Consider the change in concentration 
along the x-axis downwind, i.e., the concentration change with increasing 
χ when y = ζ = 0. Assume a continuous point source with arbitrary 
but firm values for strength Q and the average wind velocity u. This 
gives the decrease of concentration in the direction of the wind (along 
x-axis) based on equation (61) (Fig. 3 ) . Since we chose arbitrarily the 

s 
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(1952) concluded that 99.9$ of spores should fall to the ground within 
the first 100 meters. 

Buller and Lowe (1910) established that the ratio between the num
ber of microorganisms deposited on a horizontal surface and the number 
of microorganisms found in a certain air volume fluctuates greatly. 
Durham (1944) came to the same conclusion: there is no close connec
tion between the number of the spores deposited and the actual spore 
concentration. Just as the spore concentration rapidly decreases to small 
values with distance, so do the chances of catching spores on a sticky 
surface decrease. Small wonder that investigators have concluded that 
the spores precipitate when the effect of turbulent diffusion is not taken 
into consideration. Figure 3 and equation ( 6 1 ) , used for calculations, 
show how untrue this is. In this example and in accordance with 
hypotheses, no particles have precipitated yet from the spore cloud, 
but dispersal in a horizontal and a vertical direction have taken place, 
and turbulent diffusion is responsible for this. This diffusion is actually 
not constant, even though we have considered it so for simplicity's sake. 
Reckoning with this we can also understand, at least partly, the results 
of Bateman (1950) , according to which species are not spread in a nor
mal frequency around their source, but the distances are greater and 
under certain conditions show a digression above the expected value. 

Figure 4 shows how the concentration changes in a plane normal to 
the average wind direction, along the t/-axis, where ζ — 0, i.e., the con
centration is observed on the ground. The change in concentration in the 
crosswind direction can be observed only at a limited distance from the 
spore source. Because the downwind concentration according to equation 
(61) is heavily dependent on distance, two distances were chosen, 
x — b and χ — 2b9 in order to describe the distribution of the concentra
tion in the average crosswind direction and the change of this distribution 
in the average downwind direction. 

As Fig. 4 shows, the concentration decreases sharply along the y-
axis on either side of the point y = 0. If we double the distance along 
the x-axis where we observe the concentration change and measure it at 
the value χ = 26 instead of χ =b, then the maximum concentration is 
much lower, as expected. In the vicinity of y = 0 the spore concentration 
is lower than at a distance of x = b. But at a greater distance in the 
crosswind direction, y = ±50, the spore concentration is visibly higher 
than at distance χ = 6. The increasing lateral dissemination through 
turbulent diffusion leads (at a given distance from point y = 0) to 
the increase of concentration in the periphery at the cost of the con
centration in the center; the quantity of dispersed spores remains the 
same since according to assumption, no precipitation from the spore 
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cloud occurs. The curves offer the picture of a random distribution as 
we know it from the typical bell shape of Gauss' normal distribution. The 
difference between the distributions for χ = b and χ = 2b could be ex
pressed by their different standard deviations. This parameter could be 
used as a measure for dissemination. Thus, for instance, the decrease in 
concentration with lateral distance would follow the normal curve and 
=b 3σ units would include 99.73% of this total. A limiting value could be 
established on the basis of phytopathological considerations, below 
which the probability of infection is negligible. This measure for "dis
persal" could be of extraordinary value for epidemiological questions. 

Sutton (1947) pointed out that the particles in a cloud, subject to 
turbulent diffusion, are distributed normally about the center with a 
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FIG. 4. Horizontal change of concentration (s) in the crosswind direction on 
the ground at two distances, χ = b ( ) and χ = 2b ( ) , from a continuous 
point source of spores, located at the point χ = y = ζ = 0. 

certain standard deviation. This increases steadily when the cloud is 
expanded into free air through turbulence. He calculated the standard 
deviation for smoke and gases under various turbulence conditions. 
Gregory (1945) used Sutton's equation successfully for the question of 
spore dispersal. He was one of the first in phytopathology to use the 
modern meteorological presentations about turbulent diffusion for the 
problem of agent distribution. Empirical formulas for spore dispersal 
were established several times. For example, Wilson and Baker (1946) 
described the dispersal of Sclerotinia laxa through fruit trees by means 
of equation (62) 

A (62) 
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where y is the ratio between the percentage of blossom infection in 
trees at a distance from the source and the percentage of blossom in
fection of trees serving as a source. The horizontal distance from the 
source is x, while A and ρ are constants that, according to Wilson and 
Baker (1946) , depend on wind velocity and possibly also on other 
factors. Although Wilson and Baker (1946) recognize that turbulence as 
well as wind velocity play an important role, their empirical equation 
( 6 2 ) , with which they could obtain very good results, could not clarify 
the actual effect of turbulence on dispersal. Gregory's (1945) equations 
are no longer of purely empirical nature. The dimensions contained in 
them are defined from physical considerations. 

The comparison between theory and observation involved certain 
difficulties. These arose primarily from our inability to measure spore 
concentration because of the lack of adequate instruments. Schrodter 
(1952a) used the Zeiss-Konimeter for measuring the spore content of 
the air, but the air volume samples taken with this apparatus were too 
small to yield positive data. On the other hand, the "Cascade Impactor" 
(May, 1945) made such studies possible. Previous experiments, however, 
were based mainly on the number of spores adhering to a sticky surface 
or on the number of infected plants around an infection source. As was 
shown above, such data could give no information about the actual spore 
concentration in the air because they depend on too many factors. But 
since the spore concentration among these factors also represents a 
significant dimension in unit volume of air, such results can give informa
tion, if not quantitatively at least qualitatively, about the seasonal 
variation in spore content of the air, as established by Home (1935) and 
Hyde and Williams (1946) . With this sedimentation method Durham 
(1942) established that a great "spore shower" occurred in October, 
1937, over the whole eastern area of the United States, in which the 
deposit on horizontal surfaces was up to 800-1200 per cm. 2 a day at 
several localities. 

Observations give little information about the magnitude of Q, nor 
can a measure of Cy or Cz be derived from them, although data on wind 
velocity u are mostly available. Yet these values are necessary for using 
equation ( 6 1 ) . Stepanov (1935) set free 1.2 χ 10 9 spores of Tilletia 
caries at an altitude of 1 meter so as to catch them at varying distances 
leeward from the spore source on sticky surfaces. If the data by Lambert 
(1929) on dispersal of aecidiospores of Puccinia graminis are observed, 
or those by Buchanan and Kimmey (1938) on the horizontal dispersal 
of infection with Cronartium ribicoh, or by Bonde and Schultz (1943) 
on infection dispersal by Phytophthora infestans, in which case the spore 
source or the infection focus was exactly known, the same characteristic 
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FIG. 5. Comparison between observed values ( ) and values calculated 
according to equation (61)—( ) of horizontal concentration change. (Observed 
values (a) according to Stepanov, (b) according to Wilson and Baker.) 

value of Q so that values for concentrations calculated by means of 
equation (61) for the first distance, data x, is approximately the size 
of a measured numerical value. This comparison is therefore only 
approximate. 

The result is shown in Fig. 5. The dotted curve ( a ) corresponds to 
Stepanov's data (1935) , the dotted curve (b ) to data by Wilson and 
Baker (1946) . The unbroken curves, on the other hand, represent the 
calculated values according to equation (61) under the above assump
tions. The agreement between theory and observation is considered very 
good. Thus equation ( 6 1 ) , obtained from the theory of turbulent dif
fusion, describes the horizontal concentration change in a sufficiently 
exact manner. The horizontal concentration change follows a logarithmic 
law. It is directly proportional to the strength of the source and in
directly proportional to the diffusion in horizontal and vertical directions. 

curve is found as in Fig. 3 for horizontal change of spore concentration. 
Thus it is possible on the basis of certain assumptions to find a direct 
relationship between theory and the results of such studies. 

For this comparison we have chosen the data of Stepanov (1935) 
and of Wilson and Baker (1946) on the horizontal change in the number 
of Lycopodium spores with distance from the source. To obtain numeri
cal values for use in equation (61) we must assume that the spore num
bers established in these studies are equal to the number of spores per 
unit volume. We further consider the diffusion coefficients Cy = 0.4 and 
Cz = 0.2 as valid also for these experiments. Since strength Q is only 
known hypothetically through Stepanovs (1935) data (a measure for 
the spore quantity dispersed per time unit is lacking), we choose the 
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It decreases with distance, not with x2 as Wilson and Baker (1946) 
assumed, but with a somewhat smaller exponent given by 2-n. According 
to Sutton (1953) the value η = 14 can be applied. 

C. The Vertical Concentration Change 

With the help of equation (61) we can also demonstrate the vertical 
concentration change just as we can the horizontal concentration change. 
Here again the vertical concentration change must be observed at a dis
tance from the spore source. Putting the source at the point x — y — 
ζ = 0 and observing the concentration change with ζ at positions y = 0 
and χ = α, χ = 2a and χ = 3a with firm values of Q, u, Cy and Cz, we 
obtain the curves shown in Fig. 6, based on equation ( 6 1 ) . 

ζ 

FIG. 6. Change of concentration of spores (s) with increasing altitude (z) at 
a given distance from a continuous point source of spores. 

Figure 6 shows the decrease in number of spores with height in the 
expected logarithmic form. In comparing the three curves for distance, 
χ = a, χ = 2a, and χ = 3a, we recognize that the decrease in number of 
spores with height becomes less as distance from the spore source is 
increased, while at the same time the spore concentration rapidly de
creases near the ground. Then we obtain the same picture as that already 
demonstrated in Fig. 4 for the horizontal change in spore concentration 
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in the crosswind direction. Close above the earth's surface the concentra
tion decreases as distance increases, but higher above the earth's surface 
it increases at first. 

For the vertical concentration change, too, it is not easy to find 
experimental data, with the help of which a comparison between theory 
and observation is possible. The vertical dispersal of spores has usually 
been studied with airplanes equipped with spore traps (Stakman et al, 
1923). These studies were made in order to investigate how high up 
spores and pollen could be found. Although no conclusions were drawn 
as to the change in spore concentration with altitude within a given spore 
cloud, the studies did demonstrate a general decrease in number of 
spores with altitude. These results were later confirmed repeatedly. Thus 
MacLachlan (1935) used an airplane to catch basidiospores of Gymno-
sporangium at different altitudes over a heavily infected area. Craigie 
(1945) conducted similar experiments to determine the role of air-borne 
spores in the dispersal of rust to western Canada. At altitudes between 
1000 and 5000 ft. surfaces were exposed by airplane for 5 to 15 minutes 
and the number of spores per unit area was determined for various alti
tudes extending as high as 14,000 ft. At 1000 ft. 24,200 spores per unit 
area were found; at 5000 ft., 7560 spores; at 10,000 f t , 108 spores; and at 
14,000 ft., 10 spores. Thus, under these conditions the spore concentration 
decreases logarithmically with height. 

This relation was also demonstrated by Rack (1957) for the air 
stratum near the ground with simple spore traps set at heights of less 
than 2.5 meters. Only the relative spore content in the air and its change 
with height can be established from these studies because of the nature 
of the instrument used. To use these data to compare theory and observa
tion we must again make plausible assumptions about the unknown 
parameters. The result of this comparison is given in Fig. 7. The agree
ment between calculated and observed values is good, which indicates 
that equation (61) describes the vertical change in concentration 
accurately. 

The general validity of this relation between height and spore con
centration can also be examined by comparing the curve given in Fig. 6 
with the results of MacLachlan (1935) and Craigie (1945) . Figure 8 
presents the comparison graphically. Data from which each curve is 
constructed were converted from the original data to the same relative 
scale to make them comparable in a graph. This was done by deter
mining the ratio of values of S, the spore concentration, at the lowest 
altitude in each series and multiplying the original data by this ratio. 
As Fig. 8 shows, the vertical change in concentration calculated by means 
of equation (61) is qualitatively the same as the observed change in 
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FIG. 7. Comparison between calculated ( ) and observed ( ) values 
of spore concentration (s) with altitude. (Observed values from Rack, 1957.) 

FIG. 8. Comparison between observed (- -) and calculated ( ) values 
of spore concentration (s) with altitude. (Curve 1 from observations by Craigie 
(1945) , curve 3 from observations by MacLachlan (1935) , curve 2 from Fig. 6, 
where x = 2a.) 
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spore concentration with height. Both the horizontal and the vertical 
change in concentration follow a logarithmic law. It is directly propor
tional to the strength of the source and inversely proportional to the 
turbulent diffusion in both the horizontal and vertical directions and is 
also inversely proportional to the (2 — n ) power of the distance from 
the source of spores. 

In the special case when the source of spores does not lie on the 
earth's surface but occurs at a height h above the ground, ζ does not 
equal 0, but instead z = h. When the spore source is sufficiently high 
above the ground and observations are made relatively near (horizontal) 
to the source, the vertical concentration of spores can be computed by 
means of equation ( 6 1 ) . In this case we chose the coordinate system in 
such a way that the zero point lies at χ = y = 0, ζ = h, and altitude ζ 
from equation (61) is counted from h, positive upward and negative 
downward. The question arises whether the diffusion coefficient C 
depends upon height. Sutton (1953) shows the nature of the relation 
between the diffusion coefficient C at height ζ in meters above the 
ground by the empirical formula 

C = Co - 0.075 X log1 0 ζ (63) 

in which C 0 represents the diffusion coefficient on the ground. As can 
be seen, C varies but little with altitude and when small altitudes are 
involved, we can safely assume that C remains constant. For small 
altitude differences Sutton (1953) showed that the ground did not act 
as a limiting surface in vertical distribution of concentration, e.g., the 
smoke coming from a factory chimney at first spreads as though the 
earth's surface were not a limiting surface. Thus the vertical concentra
tion change is symmetrical about a line parallel with the earth's surface 
that goes through the source of spores at height point ζ = h. As Fig. 4 
shows, such symmetry is to be expected. Studies by Wilson and Baker 
(1946) indicate that this is true both in theory and in fact (Fig. 9 ) . 

Wilson and Baker (1946) studied the change in spore concentration 
in the air by freeing Lycopodium spores from a source at an altitude of 
7.5 ft. and by catching spores on glass plates at various distances from 
the source. The spore cloud downwind had a sphere-shaped form. Also, 
as Fig. 9 clearly shows, there was a rapid decrease in spore number in 
the horizontal direction and a nearly normal distribution in the vertical, 
with the center of the spore cloud as an axis. 

A comparison of these observations with theory is supplied by Fig. 
10, calculated on the basis of equation ( 6 1 ) . The value of Q is not ob
tainable from the data of Wilson and Baker (1946) . A value of Q was 
assumed, such that the estimated value of concentration corresponds to 
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the highest spore number observed by them. This assumption is made to 
permit a qualitative comparison. All other values of concentration are 
calculated from this value for Q for the same points as were observed 
by Wilson and Baker (1946) . 

400 600 800 

FIG. 10. Calculated spore concentration at different altitudes and at different 
distances from a source of spores at an altitude ζ = h. (Based on data of Wilson 
and Baker (1946) in Fig. 9.) 

Figures 9 and 10 correspond almost completely. The agreement of 
observations with theory is unusually good. Thus collecting spores, as 
Wilson and Baker (1946) and many others have done, can answer ques
tions about spore dispersal when these questions are qualitative rather 
than quantitative. 

FIG. 9. Number of Lycopodium spores (s) caught at a different height (z) 
and at a different distance (a = 5, b = 10, c = 15 ft.) from a spore source at the 
altitude of h = 7.5 ft. (Data of Wilson and Baker, 1946.) 
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D. The Concentration at Ground Level with Elevated Source 

Sources of pathogenic spores are mostly on the ground or so near the 
ground that we hardly have to consider their height. This is especially 
true because we can regard the upper limit of the closed cover of vegeta
tion as the surface of the earth when vegetation is relatively low. For 
higher vegetation, e.g., fruit trees, this is not true. From an epidemio
logical point of view the question of spore concentration at any point is 
of little interest. The change of concentration with the altitude of the 
source along a parallel to the x-axis was discussed in the previous sec
tions. We will now give our attention to the concentration of spores near 
the ground when the spores arise from a high source. 

Directly under the source the concentration will be naturally zero. 
Then the concentration will increase at first. However, since the spore 
cloud becomes more diffuse with distance because of turbulent diffusion, 
the concentration will finally decrease again. Thus, from a high source of 
spores the shape of the curve relating distance to spore concentration at 
the ground is not simple. 

If the source is at the point χ = y = 0, z — hy then, according to 
Sutton (1953) , the equation for the concentration at one point of the 
atmosphere with coordinates x,y,z, is 

x h ( - t e ? ) + - ( - % ^ ) } <·« 
The dimensions contained in this equation are all known from previous 
explanations. When h = 0, equation (64) simplifies to equation ( 6 1 ) . 
When we ask only how the concentration changes at the ground, and 
remembering that the source is at height h above, we can set y = ζ = 0 
into equation (64) and simplify it to 

e(a5)—-° = *cvcix*-« x e x p ( " cSF=} ( 6 5 ) 

Figure 11 shows the change in spore concentration along the ground, as 
described by equation ( 6 5 ) . 

From an epidemiological view the apex of this curve has two inter
esting aspects. What determines how high the peak of concentration is? 
At what horizontal distance from the source does this maximum occur, 
i.e., what does this distance depend on? Under certain circumstances this 
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distance could be considered epidemiologically as a "critical" distance. 
We designate these two characteristics as sm&x and xm&x (Fig. 11) . 

Smax 

FIG. 11. Change of concentration on the ground (s) with increasing distance 
(x) from a spore source at height (h) above. (Calculated from equation ( 6 5 ) . ) 

Equation (65) shows that the spore concentration s must attain a 
maximum when the exponent h2/Cz

2x2~n = 1, that is, when x2~n = h2/C2
z. 

According to Sutton (1953) the maximum concentration at the ground 
from equation (65) is 

Smax — 
2Q 

eiruM X (66) 

Thus the maximum concentration at the ground is directly proportional 
to the strength of the source and inversely proportional to the wind 
velocity and to the square of the altitude of the source above the ground. 

From the condition leading to the derivation of equation (66) from 
equation (65) we arrive at the distance of the point of maximum con
centration from a point under the source 

1 / ( 2 - H ) 

(67) 

The distance of maximum concentration is approximately proportional 
to the height of the source, but it is independent of the horizontal wind 
velocity. This should not be overlooked in evaluating the "critical" 
distance. 

The accuracy of this theoretical result cannot be tested because no 
observations are available. The studies of Wilson and Baker (1946) 
involve only relatively short distances, and extrapolations of curves from 
their data would be unreliable because the number of spores decreases 
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so rapidly as the distance increases. They can serve conditionally, how
ever, to test the accuracy of the theory if we consider the number of 
spores observed beneath sources at varying height. From their observa
tions we cannot derive the true values for either sm8LX or xm&x. However, 
we can contrast the observed values with curves calculated for this 
special case from equation ( 6 5 ) , and this is done in Fig. 12. 

The comparison is most alike when spores are counted at a point 2 
ft. beneath the source, i.e., h = 2. The agreement is also good when 

s 
4 

FIG. 12. Comparison between calculated ( ) and observed ( ) spore 
concentrations at ground level for sources of spores of varying altitude. (Values 
observed by Wilson and Baker, 1946.) 

h = 1. Although there are but three observed values alone, we also know 
that directly under the source, i.e., at χ = 0, z = h — l, the number 
of spores must be zero, thus giving four observed values to which the 
curve can be fitted. 

Thus, when the source is high, the concentration of spores near the 
ground increases with distance from zero (directly beneath the source) 
to a maximum at a distance that varies approximately with the height of 
the source, and then decreases to low values as the distance increases 
further. 

We have seen how the spore concentration decreases to very small 
values even at a short horizontal distance from the source. Knowing how 
rapidly spore concentration decreases with distance we can understand 
why in many spore-trapping experiments, no spores have been detected 
and also why an astronomical number of spores must be involved in 
dispersal if successful infections are to occur. Purely biological causes 
increase the number of spores required. If, at a great distance from the 
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source, there is to be a measurable probability for successful infection, 
the spore output has to be very large indeed. A consideration of tur
bulent dispersal alone shows that our calculations must involve sources 
of strength Q, involving numbers of the magnitude of 10 6 to 10 8 spores. 
Spore sources of this strength have been observed. In local pollen clouds, 
visible to the naked eye, Durham (1947) measured concentrations from 
2 χ 10 6 to 10 χ 10 6 pollen grains per cubic meter of air. According to 
Buller (1909) a specimen of Calvatia gigantea contained about 7 Χ 10 1 2 

spores. White (1919) reports that Ganoderma apphnatum can eject 
3 χ 10 1 0 spores a day for 6 months, while according to Stevens (1911) 
a single apothecium of Sclerotinia sclerotiorum can produce about 
3 Χ 10 7 spores. According to Ingold (1953) a Penicillium colony, with a 
diameter of 2.5 cm., can develop 4 X 10 8 conidia; an ear of corn infected 
by Tilletia caries can contain 1.2 χ 10 7 blight spores; the fungus Daldinia 
concentrica can eject more than 10 8 spores a day. Gigantic numbers of 
spores indeed are needed for dispersal. 

IV. LANDING 

Duration and range of flight of spores are known from the theory of 
agent flight. Therefore we know when and where they land. The dis
cussion was based upon the "statistical mass" of spores and dealt with the 
center of gravity of the spore cloud. To close the cycle of dispersal, only 
the velocity with which the spore cloud as a whole gets to the ground 
can be discussed from the statistical point of view. But the question as 
to how the single spore lands from the turbulent air is not answered. 
However, flight and landing are the decisive components for dispersal. 
Therefore we shall now consider the problem of deposit. 

A. The Problem of Deposit 

In the following discussion the term "deposit" is used in the broadest 
sense. It encompasses the deposition on surfaces of spores during trans
port through the air, whether the surfaces are horizontally or vertically 
oriented, and whether or not the deposition is induced by external 
circumstances. The processes of deposition cannot be studied adequately 
under natural conditions, i.e., outdoors. Moreover, in our considerations, 
the transition has to be made from the total mass of spores to the 
behavior of individuals or groups of individuals. 

The whole complex problem of deposition in phytopathology has 
heretofore been neglected. A few studies have been concerned with the 
visible result of deposit processes rather than the deposit process itself. 
Yarwood and Hazen (1942) made studies on how the conidia of 
Erysiphe graminis are oriented during deposition, and thus touched on 
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an important question. Gregory (1951, 1952) concerned himself with 
deposition in a more extensive way and made valuable experimental 
observations on exactly defined surfaces. 

Generally speaking, the very same forces that are responsible for the 
transportation of the propagules through air are also decisive for deposi
tion of spores. Deposition is but a part of the transfer process. It is the 
transfer of particles from the air to surfaces. Up to now we have observed 
only the transfer of particles from the surfaces in and through the air. 
Important forces for deposition are gravitation and fall velocity, under 
whose influence the spores sediment slowly. Another effective force 
develops from the horizontal air movement, resulting in the deposition of 
spores at perpendicular surfaces during their movement in the general 
current. This process of impaction can deposit spores somewhat forcibly. 
Turbulence is also an effective force in deposition. Deposition occurs on 
the upper side of plant organs and on their lower side as well, as a 
result of motion of particles directed vertically upward as well as down
ward. Deposition is also expedited by washing out through precipitation. 
The following section will consider these processes in more detail. 

B. The Terminal Velocity 

In Section II we considered the motion of the spore cloud and 
interpreted the definitions of probable flight line, flight range, flight 
altitude, and flight duration that were introduced by Rombakis (1947) . 
Since the "where" and "when" have been treated within the motion 
complex, we can readily clarify the problem of terminal velocity. To this 
end, the data by Rombakis (1947) are again helpful. By referring to the 
derivations given in Section II we can readily obtain a precise definition 
for end velocity. The "probable end velocity" is the end velocity of the 
"center of gravity" of the spore cloud. 

Turning again to some equations from Section II we have equation 
( 3 2 ) , from which we obtained the equation of probable flight line 

ζ = 0.4769 \/4at - ct (32) 

and obtained the equation of the maximum probable flight altitude, with 
the help of equation ( 3 2 ) , from the condition 

§ = 0.4769 \/4α — ^ - c = 0. (44) 
dt 2Λ/Ϊ 

This equation says merely that the vertical components of velocity at the 
highest point of the flight line are equal to zero. 

If we ask about the end velocity, with which the spore cloud arrives 
at the ground during the landing process, we naturally refer to a verti-
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follows, from which 

/dz\ = _ 1 
\dt)T " 2 2 c (70) 

results. This is the "probable end velocity." Thus the spores fall to the 
ground with a velocity that is independent of all transfer forces except 
gravitation and is just half as great as the fall velocity due to gravita
tion in calm air. Since this fall velocity is generally very small, especially 
as compared with the horizontal wind velocity, we must establish that 
the landing of the spore cloud is nothing but a slow sedimentation 
under the influence of gravitation, independent of turbulence and hori
zontal wind velocity. 

C. Sedimentation and Impaction 

The conclusion that the landing of a statistical mass of spores occurs 
by sedimentation cannot be applied to the individual spore, except in 
calm or laminally streaming air, when all vertically acting forces are 
eliminated. On clear nights free of wind, when the air near the ground 
has cooled down by radiation, the laminar or "quasilaminar" layer can 
rise up to a few meters. Under these conditions the air soon becomes 
free of spores through sedimentation, as Tyndall (1881) has shown. In 
free air, where vertically oriented forces of turbulence influence the 
spores again and again, sedimentation cannot play a very great role as 
a factor in landing. 

cally directed component of velocity. Thus, starting from equation ( 4 4 ) , 
we have only to ask about the velocity dz/dt at the end of the time of 
flight, that is, the time t = τ. The flight duration, τ, is given by 

(51) 

(50) 

(68) 

(69) 

which was derived from equation 

If we take equation (44) at the time i ^ r w e get 

From equations (50) and (68) equation 
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Normally during the day the laminar layer exists only as a boundary 
layer directly at the surfaces where at the most it gains a few milli
meters in thickness. Since the boundary between the laminar surface lay
er and the turbulent air current is not constant, spore-containing whirls 
can penetrate into the laminar layer, as described by Gregory (1952) , 
and leave behind small volumes of air containing spores in an inter
change with air free of spores. Spores thus brought into the laminar layer 
settle then under the influence of gravitation and deposit before new 
whirls from the turbulent layer can reach them and take them away. In 
this case forces other than sedimentation play a primary role. 

When the wind brings to the surface of the plant a volume of air 
containing a certain quantity of spores, the number of spores deposited 
is difficult to determine. We must first observe the processes on geo
metrically simple, exactly defined surfaces. Wind tunnel experiments as 
carried out by Gregory (1951) seem to be especially adapted for this. 

Under different wind velocities Gregory (1951) examined the deposi
tion of spores of Lycopodium claoatum on cylinders with diameters 
ranging from 0.018 to 2.0 cm. Deposition increases with increasing wind 
velocity and with decreasing cylinder diameter. The effect results mainly 
from "impaction," a principle described by Sell (1931) for liquid drops. 
If an object (cylinder, plate, etc.) is set in the path of a spore moving 
with an air current, the spore moves by its own inertia a bit farther 
toward the object even when the air has already avoided the obstacle. 
The length of this "course of inertia" determines whether the particle 
hits the obstacle and is deposited on it, or whether it is deflected around 
it without deposition. The length of this course of inertia depends on 
the size of the particle, the velocity of the current, and the form and 
size of the object placed in the course of flight. These factors at the 
same time determine to what degree an object is suited for spore deposit. 
From aerodynamic observations Sell (1931) shows that in the case of cyl
inders the impaction efficiency is determined by the dimension-free size 

k = ^ (71) 
rg 

whereby v8 means fall velocity of the particles in calm air, v0 the current 
velocity, r the radius of the cylinder, and g the gravitation acceleration. 
The connection between size k and impaction efficiency Ε was deter
mined empirically by Sell (1931) . Glauert (1946) , who considered a 
similar problem, determined a coefficient that is practically identical 
with the one by Sell (1931) . The values of impaction efficiency observed 
experimentally by Gregory (1951) in the wind tunnel are lower than 
would be predicted by the equations of Sell (1931) and Glauert (1946) . 
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But the values correspond well to those by Langmuir and Blodgett 
(1949) . In their theoretical treatment of the problem, a set of curves 
is established for the relation between Ε and k, which is given from 
the dimension-free size 

in which R represents "Reynold's number," already described in equa
tion ( 1 1 ) . For values Φ = 10 to Φ = 10 4 the values of impaction effi
ciency determined experimentally by Gregory (1951) fall within the 
range of these curves (except for a few extreme values of fc). 

Deposition by impaction, which results from the translation energy of 
the particles headed up by the wind, plays the greatest role in the land
ing of single spores. Gregory (1950, 1951) showed that the effect is 
small when small spores approach large obstacles in the presence of 
small wind velocities. Large spores, on the contrary, are predestined 
for deposition by impaction, especially on small obstacles at high wind 
velocity. Many leaf-disease-causing agents dispersed by wind have 
relatively large spores (Phytophthora, Helminthosporium, etc.) while 
species that inhabit the ground (Penicillium, Aspergillus) are mostly 
characterized by small spores which are not suited for deposition by 
impaction. 

A high impaction efficiency is naturally unsuited to the dispersal of 
a disease within a dense plant population. According to Johnstone et ah 
(1949) , the capacity of a particle to penetrate into a closed vegetation 
covering is inversely proportional to the impaction efficiency of vegeta
tion, since a high degree of efficiency greatly limits the mobility of spores. 
According to Gregory (1952) a spore size of 10μ, the most frequent 
diameter of spores dispersed by wind (e.g., of many ascospores and basi-
diospores), represents a good compromise between the originally op
posed requirements for dispersal and deposition. The large-spored leaf 
and stem parasites are quite correctly labeled by Gregory (1952) as 
"impactors," while the small-spored ones seem to be special "penetrators" 
that are deposited rather by sedimentation. 

The usual vertical sticky deposits, used in routine catching of spores 
and pollens, have only a very small impaction efficiency (Gregory, 1951). 
The results so obtained, therefore, offer an incomplete picture of dis
persal of pathogens. This accounts for the frequent divergence of data 
on dispersal and for the discrepancies between theory and observation. 

According to Gregory (1952) "turbulent deposit" is another factor 
in the landing of single spores. This effect was noted by Durham (1944) 



6. DISPERSAL BY AIR AND WATER—FLIGHT AND LANDING 213 

while catching pollen, and he found that the deposit on horizontal sur
faces is greater (as would happen from sedimentation) but that a 
deposit also occurs at the lower side of horizontal surfaces, an effect 
that cannot be explained by sedimentation. Turbulence transports the 
spores not only from above to below but also from below to above. Under 
these forces a deposition occurs on the lower side of surfaces. The turbu
lent deposit is but a deposit through impaction, at which the particles 
gain their kinetic energy from the vertical rather than from the horizontal 
component of the turbulent current. Consequently, only two effects are 
generally important for the landing of a single spore: sedimentation 
under the influence of gravitation and impaction under the influence of 
the movement of the current. 

The combined effect of these processes leads to a decrease in spore 
content of the air. At least in large spores in dry weather there is seldom 
a consistent increase of spore content in the air. Gregory (1952) con
cluded that the daily spore ejection of larger spores is in equilibrium 
with the daily deposit. Meetham (1950) obtained a similar result for 
smoke impurities in the air, so that the above conclusion seems com
pletely justified. With regard to the theory of agent flight it is question
able, however, whether the assumption of a daily equilibrium between 
expulsion and deposit can be justified in small (or in the smallest) spores. 

D. The Humidity and Precipitation Effect 

In the theoretical discussion we did not take into consideration that 
through the influence of external events, a "forcible" limitation of spore 
dispersal is possible. We supposed the falling velocity of particles to be 
a constant process. In connection with the problem of deposit we are 
now concerned with the problem of what the consequences are when 
these assumptions are not fulfilled. Let us, for instance, observe the fall 
velocity: clearly it actually cannot be constant. A spore that gradually 
dries out during flight becomes lighter; a spore that swells in humid air 
becomes heavier. In condensation the accumulation of water by the trans
ferred particles makes them heavier, and in that way, too, their fall 
velocity changes quite considerably under certain conditions. Since the 
fall velocity, on the other hand, exerts a great influence on dispersal, the 
humidity of air tends to limit the theoretically possible dispersal and 
result in premature deposit. Thus the usual simple methods of bacterio
logical air studies (exposing of agar plates) produce different results de
pending on the relative humidity of air (Uhlig, 1953). Increasing air 
humidity results in a decrease in spore concentration. According to 
Silhavy (1954) the numbers of germs are generally low ( = strong de-
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posit) at a low temperature with high air humidity; at a high temper
ature with small relative air humidity, on the other hand, they are 
generally high ( = scanty deposit). 

It is not easy to find a connection between spore deposit and relative 
air humidity, since the number of spores caught depends on other 
factors as well. In his studies of the epidemiology of Phytophthora, 
Raeuber (1957) found a correlation of r = + 0.54 between the number 
of spores trapped and the relative humidity. W e must assume, accordingly, 
that the relative air humidity plays an important role in the process of 
deposition and for the total complex of dispersal. Although studies about 
this in phytopathology are rare, the assumption seems justified since it 
corresponds to the results of aerosol research. Studies by Meetham 
(1954) dealt with the deposit of smoke particles in the presence of fog. 
Little indeed is known about the mechanism of this type of deposition. 

The influence of rain on dispersal and deposit is better known. In 
single instances rain alone can transport a pathogen from one plant 
part to another (Miiller-Stoll and Hartmann, 1950). Aside from this, rain 
means the end of spore dissemination. For small and very small spores 
that can barely be deposited through other processes, washout of spores 
by rain represents one of the few possibilities to get to the ground again 
after a short period of time. In spore-trapping experiments Rack (1957) 
showed that the relative spore density (number per surface unit) in
creases with the increasing total precipitation. The duration of precipita
tion is also decisively significant for the decrease of particle content in 
the air, as Raynton (1956) could establish. The rapid filtration of radio
active aerosol particles from the atmosphere by precipitation was de
scribed by Mugge and Jakobi (1955) , while Herman and Gorham (1957) 
came to the conclusion from studies of mineral constituents in snow and 
rain that more substances are washed out of the atmosphere with rain 
than with snow. 

The mechanism of spore washout by rain is closely dependent on 
raindrop size. Raindrops have a diameter up to 5-6 mm. According to 
Best (1950) their fall velocity lies between 2 and 9 meters per second. 
The problem of rain washing of particles from the air was studied by 
Langmuir (1948) , whose theory of collection of particles by raindrops is 
restricted primarily to sphere-shaped particles. On the basis of this, 
Greenfield (1957) treated the washout of radioactive particles from the 
atmosphere and showed that the exchange effectiveness between rain
drops and particles depends on the particle size. The number of particles 
washed out is a function of the quantity and duration of precipitation. 
On the basis of Langmuir's (1948) theory Gregory (1952) concluded 
that small spores of Lycoperdon and the ground-inhabiting Penicillia 
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cannot be collected by drops with a diameter under 1 mm. In drops with 
a 2 mm. diameter the effectiveness of collection increases to a maximum 
of 15% but decreases again with larger drops. For basidiospores of 
Psalliota campestris the collection commences with a drop diameter of 
0.2 mm., achieves a maximum of 30% with a drop diameter of 2 mm., and 
decreases again with further increasing drop size. In Tilletia caries, in 
uredospores of Puccinia, and in conidia of Erysiphe graminis the collec
tion with all possible drop diameters is larger than zero and achieves 
a maximum of 80% with a drop diameter of 2.8 mm. The maximum col
lection is achieved with drop sizes of 2 mm. It is about 25% in small 
spores with a 4μ diameter and 80-90% in large spores (20-30/Λ diameter). 

Whether any other factors influence the strength of rain washout of 
spores is not known. The effect of wettability on washout is unknown, 
for example. Gregory (1952) notes that spores of UstUago perennans 
are moistened by water only with difficulty but are very easily collected 
by rain. When they have reached the ground, they remain, as Burges 
(1950) showed, in the upper ground layers like other unmoistened spores, 
and they are not washed into the ground. 

The influence of washout by rain on the deposition of spores can be 
shown by an example given by Gregory (1952) : 2 mm. rain elicited a 
deposition of spores of UstUago about 200 times as great in 2 hours as 
would otherwise be deposited during a whole day on equal surfaces ex
posed to wind but protected from rain. 

The rain washout means an abrupt end to their dispersal for the 
majority of pathogens. It strongly restricts the dispersal under certain 
conditions, especially for leaf and stem pathogens; the ground-inhabiting 
organisms, on the other hand, have very small spores and but a small 
chance of returning to the ground in a short time in the absence of 
precipitation. For them washout by rain is presumably the normal way 
of landing. 

V . VARIOUS P R O B L E M S 

The circle of questions that are connected with flight and landing of 
agents is now closed. Certain problems remain that seem important. 

A. Particle Stir-Up from the Ground Surface 

In the treatment of spore concentration of the atmosphere we as
sumed that spores arise from a point source, that the spore ejection 
is continuous and the fall velocity negligible. This picture is somewhat 
incomplete even if it leads to a satisfactory theoretical interpretation of 
the processes. Under certain conditions inoculum accumulates in dust 
consisting of very fine particles of plant residues that are whirled by the 
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wind into the air. Once it gets into the air, this material can be considered 
a part of atmospheric dust. Just as it does with dust the wind will also 
stir up and transport rust spores from an infected field. How does the 
spore concentration of the air change in such a case? Clearly the con
centration must increase from the leeward side to the windward side of 
such a field, since new spores always are added to those that were first 
stirred up and carried on. It is clear also that this increase in con
centration can last only as long as the field is traversed by air currents, 
and then a concentration decrease should follow, corresponding to the 
theory already presented on horizontal concentration change. However, 
it is also evident that the concentration cannot increase in an unlimited 
manner even when the spore "activity" is ever so large, because after a 
certain time a type of equilibrium will be reached. Fortak (1957a) 
treated this problem in a theory of dust transfer over a dust-active earth 
surface. Since his results are pertinent to the problem of spore dispersal, 
we will discuss the applicable aspects here. 

If a wind is blowing with velocity u in the positive direction of the 
x-axis, the fall velocity of a certain particle is s, the exchange coefficient is 
η (measured in cm.Vsec.) and the number of particles in volume unit is 
σ, then the differential equation of the vertical mass exchange is 

da TJda da d2a ,_Q. 
-ΓΤ + C7 ^ s—  =  η (73) 
dt dx  dz  dz 2 

[Compare this with equation (24) in Section II.] For various conditions 
Fortak (1957a) gave solutions of this differential equation that are 
significant for the theory of dissemination in the stirring up from ground 
or plant surface. Since only particles having a certain fall velocity with 
constant wind and constant mass exchange are observed under these 
conditions, we wish to know their concentration. 

For simplification Fortak (1957a) introduced new, independent vari
ables such as Τ = sH/Αη, X = s2x/fyU, and Ζ = sz/Ίτ), whose connection 
with equations ( 5 1 ) , ( 4 3 ) , and (47) is readily evident in Section II. 
Equation (73) is simplified with these normal variables to 

On the basis of this solution the particle transfer for each particular case 
can be described. This is true not only under the above mentioned con
centration increase until a sedimentation equilibrium is obtained, but 
also throughout the entire process of particle filtration, e.g., by forest or 
hedgerows. 

How the course of spore concentration takes shape on the ground 

da 9 da _ d2a 
dX " dZ ~ dZ2 

(74) 
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when the wind blows over a "spore active" strip, such as a rust-infected 
corn field, and how it carries along stirred-up spores over an adjoining 
noninfected area can be treated theoretically. 

According to Fortak (1957a) for the special case when χ <d, d being 
the width of the infected strip, the solution is 

σ = - Χ ψο 
s (Χ,Ζ) 

(75) 

an equation that describes the change of spore concentration in the direc
tion of the wind over the infected strip. For all χ ^ d, or with the above 
normal variables written X ^ s2d/fyU = D, thus for the area beyond the 
infected strip in the direction of the wind, the result is 

(76) 

and for the spore concentration at the surface of the previously spore-
free area, we have, when Ζ = 0, 

σ = ~ [4Z2 erf c y/X - D - 4i2 erf c y/X] 
s 

(77) 

in which functions of the type erfc χ or ierfc χ are known functions from 
the theory of heat conduction. The factor C represents a measure for 
the dimension of spore stir-up or spore filtration. 

FIG. 1 3 . Change of relative spore concentration σ in wind direction over a 
"spore active" strip of width D = 82ά/4ηϋ = 0.5 and over an adjoining, originally 
spore-free area (X > 0 ) . 

Figure 13 represents the solution of equations (75) and (77) for a 
certain width of the infected strip. Since the normal variables were 
again used here, this figure represents regularity in a general form. For 
individual conditions of wind and turbulence and for a given spore 
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shape or sedimentation type, the change in concentration can be ob
tained. It is only necessary to transfer the normal variables X and D into 
the actual distance coordinates χ and d. Thus, for instance, in a strip 
with a width of 240 meters and under normal conditions of wind and 
turbulence, the relative spore concentration near the ground will take 
the course shown in Fig. 14, namely, according to curve a with a fall 
velocity of spores of 1 cm./sec. and according to curve b with a fall 
velocity of 0.45 cm./sec. In small (lighter) spores the sedimentation 
equilibrium is achieved later, so that at the end of the strip the relative 

1 0 0 -ι 

FIG. 14. Change of relative spore concentration σ in wind direction over a 
"spore active" strip of width d = 240m. over an adjoining, originally spore-free area 
with various fall velocities (a = 1 cm./sec, b = 0.45 cm./sec.) demonstrated with 
real distance co-ordinates for normal external circumstances. 

concentration is smaller than the case of larger (heavier) spores. On 
the other hand, the relative concentration decreases more slowly than 
the distance from a "spore-active" strip. Thus, almost behind the strip 
the concentration is higher than for larger spores, and a relative con
centration of 10% is achieved only at a distance 50% greater from the strip. 
If a relative concentration of 10% is considered as the lower limiting 
value for danger of infection, the decrease of fall velocity to about half 
would increase the danger of infection by 50%. It is shown here too how 
great is the significance of fall velocity for the dispersal of pathogens. 

If we consider that the starting concentration of small spores amounts 
to many times more than that of large spores, then the differences become 
even clearer. If, for example, according to conditions underlying Fig. 14 
the initial concentration of small spores is twice that of the large ones, 
the number of small spores per volume unit at a 250 meters distance 
from the spore-active strip would be three times as great as that of 
large spores; in case of increase in initial concentration by a tenth 
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power, it would be sixteen times as high as that of large spores. In 
addition to wind and turbulence conditions, the initial concentration and 
the fall velocity establish either the size of the area in which there is 
a given danger of infection or the magnitude of the danger of infection 
within a certain area. 

B. Effect of Filtration of Obstacles (Wind Shelter Strips) 

The theory of Fortak (1957a) allows description of particle filtration 
by wind from strips. Rows of trees or hedges have been employed as 
protective screens in phytopathology. Thus, according to Klemm (1938) 
attempts were made in Rumania to prevent the dispersal of corn rust by 
installation of wind shelter strips that would hinder the transfer of spores. 
Ruggieri (1948) hoped that the dispersal of "mcft, secco" of citrus trees 
could be limited with wind shelter strips. On the basis of his own studies, 
as well as similar projects in the Soviet Union extensively reported by 
Grebenscikov (1951) , Schrodter (1952a,b) pointed out the uncertainty 
of the outcome of such attempts. 

By assuming that the particle absorption started much before the 
wind defense strips were encountered Fortak (1957a) finds the solution 
for particle density on the ground within such a strip to be 

(τ = - [(Ci + C2W erfc y/X - Ct] (78) 

and for the particle density on the ground behind the wind shelter strip 
(at the leeward side of the strip) to be 

σ = - [(d + C2)4i* erfc y/X - C24i2 erfc y/X - B\. (79) 

Ci is a measure for the particle stir-up, C 2 , on the other hand, a measure 
for filtration, while the normal variable Β = s2b/fyU contains the real 
width b of the wind shelter strip. Hence, the course of the particle con
centration on the ground shown in Fig. 15 follows for a given strip 
width Β with diverse filter effectiveness C 2 . Comparison with concentra
tion change outside of the wind shelter strip—and uninfluenced by it 
(dotted curve in Fig. 15)—shows clearly how quickly the concentra
tion decreases within the wind shelter. However, the repeated increase 
of concentration directly behind the defense strip is especially interesting. 
This increase is observed also in practice, as shown by Schrodter's 
(1952a) spore traps and by Illner's (1957) observations about the ques
tion of wind shelter and weed dispersal. Both studies show that the 
usual shelter strips are scarcely suited to hinder the dispersal of spores 
or weed seeds. 
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The question is naturally asked how wide a wind shelter strip has to 
be if the total content of particles with sedimentation constant s is filtered 

FIG. 1 5 . Change of relative spore concentration on the ground in and behind 
wind shelter strips of width Β and different filter effect C 2 (a: C2 = 0 . 5 · Cx; 
b: C2 = 0.8 · C x ; outside of the wind shelter). 

out. Based on the theory by Fortak (1957a) width B' of the "total" filtra
tion can be found with the help of equation ( 7 8 ) , which can be written 
under these conditions as 

0 = ( d + C2)4i* erfc y/B' - C 2. (80) 

Solved according to B' the result is then the searched-for width of the 
wind defense strip to 

B* = (*P erfc- 1 X ^ ^ CJ- (81) 

Since Β or B' are normal variables, known to have been introduced to 
make the description independent of the wind and turbulence conditions, 
we have to take into consideration that the real strip width b necessary 
for complete filtration can be completely different, depending on external 
circumstances. 

Thus, theory shows that the installation of wind shelter strips to 
avoid spore transfers is completely problematical, which explains the 
various failures of such attempts. Future studies about the question of 
wind shelter and spore dispersal will have to pay more attention to the 
physical side of the problem. For this, a foundation is the theory of dust 
transfer by Fortak (1957a) in its application to the questions of dispersal 
of disease-producing agents. 
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C. Spores in Upper Air 

The presence of spores in higher atmospheric strata was noted in con
nection with the problem of epidemiology of corn rust. From the experi
mental point of view Stakman et al. (1923) were the first to prove that 
the forces of turbulence and convection are capable of transporting even 
the relatively large uredospores of rusts to great altitudes of the atmos
phere. Numerous similar studies confirmed this (Dillon Weston, 1929; 
Craigie, 1945; Kelly et al., 1951). That only very few spores are caught at 
these altitudes is insignificant. The fact that spores can be transported to 
these altitudes at all is quite important from an epidemiological point of 
view. 

In general, at 4000-5000 meters altitude with a time of exposure of 
5-15 minutes, a result of 2-3 spores per cm. 2 can be expected. The con
tinental "steam cap" reaches nearly up to this altitude, as the studies by 
Junge (1951) about vertical distribution of aerosols over Europe show, 
in normal exchange and in undisturbed weather. This does not mean 
that no spores can be found at greater altitudes. The ascent of the Amer
ican stratosphere balloon "Explorer II" proved, according to the report 
by Rogers and Meier (1936) , that even in the stratosphere above 11,000 
meters some spores are still found. Generally, the distribution of spores 
is limited to the ground stratum of the troposphere, as Niemann (1955) 
established in a review about the organic matter of the natural aerosol. 

Proctor (1934) and Proctor and Parker (1938) suspected that the 
stratification in the vertical distribution of microorganisms is connected 
with the vertical build-up of air bodies. Reifferscheid (1952) also points 
to the fact that the changing bacterial content of the air obviously is 
connected with the source area and the biography of air masses, and 
Kelly and Pady (1954) came to the same conclusion. 

All these statements can be understood from the theoretical point of 
view. As far as the flight altitude is concerned, we only have to refer to 
the explanations in Section II. As Table V showed, a flight altitude of 
more than 5000 meters lies completely within the possible range. One has 
to consider that only the "maximum probable flight height" is concerned 
here and that according to the definition, spores can also be found with 
equal probability above this point. The flight altitude depends not only 
on turbulence conditions but also on fall velocity. Hence, very small 
spores could theoretically achieve a maximum flight altitude of 15,750 
meters according to values calculated by Schrodter (1954) in a mass 
exchange of 50 gm./cm. sec. 

We therefore have to establish that the presence of spores in higher 
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atmospheric strata is not unusual but is to be expected from the theory 
of agent transfer. 

D. Intercontinental Dispersal Through the Air 

The presence of spores in the high atmosphere is in itself of small 
interest from a phytopathological point of view. Its significance lies in the 
fact that it leads to a consideration of whether an intercontinental dis
persal of pathogens is possible with air current. Ingold (1953) , for in
stance, asks whether spores can be transferred from America to Europe 
or vice versa. If we want to consider the problem of intercontinental 
dispersal theoretically, then we must exclude the question of viability. 
Whether transfer of spores is possible from one continent to another 
can be answered in the affirmative, and then even a water surface such 
as the Atlantic Ocean does not represent an obstacle. 

Flight ranges of more than 10,000 km. are quite conceivable (compare 
with Table I I ) . This is not a purely theoretical result. Miigge and 
Jakobi (1955) point to the fact that for a broad dispersal of aerosols the 
so-called "jet-stream" is decisive: a strong west current with which at an 
altitude of 8-10 km., velocities of 200-400 km./hour are reached. By this 
"jet-stream," aerosol particles can be transferred in a very short time over 
very great distances, since through the meandering of this current, rapid 
transfers into a north-south direction can occur. These and similar cur
rents are probably able to transport spores and pollens (that according 
to theory and experience are present at these altitudes) over very large 
distances, even from continent to continent. This assumption is corrobo
rated by various studies and observations. The work of Junge (1951) 
shows, for instance, that aerosols of extra-European origin occur above 
the so-called continental moisture cap. Craigie (1945) could make be
lievable the fact that uredospores of rust, found at various points in 
Canada, must have originated from sources lying very far south, because 
at the time of trapping these spores, the most northern limit of the area 
with rust infection was found about 500 miles south of Canadian trapping 
places. Bergeron (1944) reported about a probable wind transfer of 
spores and pollens from the area of the lower Yenisey up to southwest 
Finland. That the ocean does not represent an obstacle can be seen from 
the fact that according to Niemann (1955) pollen precipitation can be 
found far up over the ocean. Naturally, spores that have to traverse the 
ocean can be found only in the highest air strata above it. Spore trappings 
from the ship's mast, as carried out by Zobell (1942) , indicated that the 
air over the ocean became free of fungal spores. Such results are only 
evidence of limited strength. Pady (1954) can, on the basis of two trans
atlantic flights, show a completely different result, which confirms an 
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intercontinental transportation. Accordingly, air masses of polar origin 
above the ocean can contain about 4 fungal spores per cubic foot, while 
in air masses of tropical origin, even about 15 fungal spores per cubic 
foot were found. 

All these observations prove that the supposition is justified, not only 
from this theory, but also from practical experience, that through air 
currents an intercontinental transfer of spores, even above the ocean, is 
absolutely possible and probable. Whether this knowledge has a greater 
practical significance seems doubtful. Even if the propagules retained 
their viability over such a long period of time, many other conditions 
would still have to be fulfilled before the intercontinental transfer of 
spores becomes significant. Through the widening of world trade with 
plant and plant products man himself has obviously become a major 
factor in the intercontinental dispersal of plant disease, more effective at 
any rate than the intercontinental transfer of disease-producing agents 
through air currents could ever be. This knowledge in no way lessens 
the great significance that wind and turbulence have for dispersal. This 
significance does not lie in the theoretically given possibility of over
coming very great distances, but rather in the fact that these factors 
also determine decisively the dispersal in a limited area. The knowledge 
of the basic principles of agent dispersal, as they have been demon
strated here, is undoubtedly an important contribution to the under
standing of those processes that lead to an occurrence of illness. It 
herewith establishes the most important foundations of epidemiology. 
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